Mutations of the cystic fibrosis transmembrane conductance regulator (CFTR) cause CF disease by altering the biosynthesis, maturation, folding and ion conductance of this protein. Our laboratory has focused on expression and structural analysis of the CFTR transmembrane (TM) domains using two-TM segments (i.e., helix-loop-helix constructs) which we term 'helical hairpins'; these represent the minimal model of tertiary contacts between two helices in a membrane. Previous studies on a library of TM3/4 hairpins of the first CFTR TM domain suggested that introduction of non-native polar residues into TM4 can compromise CFTR function through side chain-side chain H-bonding interactions with native Q207 in TM3 [Choi, M. Y., Cardarelli, L., Therien, A. G., and Deber, C. M. Non-native interhelical hydrogen bonds in the cystic fibrosis transmembrane conductance regulator domain modulated by polar mutations, Biochemistry 43 (2004) 8077-8083]. In the present work, we combine gel shift assays with a series of NMR experiments for comparative structural characterization of the wild type TM3/4 hairpin and its mutants V232D, I231D, Q207N/V232E. Over 95% of the backbone resonances of a 15 N, 13 C-labelled V232D-TM3/4 construct in the membranemimetic environment of perfluorooctanoate (PFO) micelles were successfully assigned, and the presence and boundaries of helical segments within TM3 and TM4 were defined under these conditions. Comparative analysis of 15 N and 1 H chemical shift variations among HSQC spectra of WT-, V232D-, I231D-and Q207N/V232E-TM3/4 indicated that hairpin conformations vary with the position of a polar mutation (i.e., V232D and I231D vs. WT), but remain similar when hairpins with identically-positioned polar partners are compared (i.e., V232D vs. Q207N-V232E). The overall findings suggest that a polar mutation in a TM helix can potentially distort native interfacial packing determinants in membrane proteins such as CFTR, with consequences that may lead to disease.
Introduction
Cystic Fibrosis (CF) is the most prevalent genetic disease among Caucasians, affecting one out of 2500 newborns [1] . Numerous phenotypes associated with CF include increased sweat chloride concentration, protein aggregation in the pancreas and subsequent blockage of the ductal system [2] , male infertility [3] , and mucus accumulation in the lungs. The latter constitutes the most life-threatening feature of cystic fibrosis, especially with the subsequent colonization of the lungs by Pseudomonas aeruginosa [4] . The gene defective in CF codes for a cAMP-dependent chloride channel, the cystic fibrosis transmembrane conductance regulator, CFTR, present at the apical border of epithelial cells [5, 6] . CF is inherited in a recessive autosomal fashion; most CF patients have a CFTR gene deletion of three base pairs, ΔF508, but over 1300 other CF causing mutations have been found worldwide [7] . In addition to its primary function in chloride conductance, CFTR has been shown to play a role in regulating the function of other ion channels such as the amiloride sensitive epithelial sodium channel (EnaC) [8] and the outwardly rectifying chloride channel (ORCC) [9] .
CFTR belongs to the ATP-binding cassette transporter superfamily [6] . The protein contains 1,480 residues divided into two homologous halves, each consisting of a transmembrane (TM) domain and a nucleotide-binding domain. CFTR also has a so-called R domain, unique to CFTR, known to regulate the channel activity through phosphorylation [10] . Each of the two TM domains is predicted to be composed of six TM helices [6] . Assessment of the ion conductance of the first TM domain (TMD1, helices [1] [2] [3] [4] [5] [6] showed that this domain is sufficient to produce an active chloride channel [11] , and residues in TM6 of this domain involved in anion-cation selectivity and permeation properties of the channel were determined [12, 13] . Fewer studies of the structural and functional details of TMD2 of CFTR are available to-date; it has been shown to form a dimer in micellar environments and exhibits channel function under these conditions [14] . However, a full understanding of how CFTR functions, and how the TM segments within each domain interact and induce long range communication leading to ion conductance, remains to be achieved. CFTR presents a vivid example of the connection of membrane proteins to occurrence of disease [15] . Out of approximately 1500 CF-causing mutations now known for this protein, nearly 200 are present in the TM domains [7] . While one would prefer to perform structural investigations on intact CFTR, the facts that (i) the protein cannot be readily expressed in preparative amounts; and (ii) the local structural effects of point mutations in the 1480-residue protein may fall below detection by spectroscopic analysis, have greatly limited biophysical studies on the full-length molecule. As well, TM segments have been shown to behave as independent folding domains even when excised from the protein, and to retain the native contacts that they exhibit within the intact protein [16] [17] [18] . These realities have encouraged us and others to develop the use of defined domain constructs of CFTR that can be manipulated by established biophysical techniques, and can be used to characterize the molecular events that link CF disease to CFphenotypic mutations. Our laboratory has focused on expression and structural analysis of the CFTR transmembrane domains using two-TM segments (i.e., helix-loop-helix constructs) which we term 'helical hairpins'; these represent the minimal model of tertiary contacts between two helices in a membrane. We have expressed two-helix constructs of several portions of the CFTR TMD1 in milligram quantities, and have been engaged in biophysical investigations on wild type and CF-phenotypic mutant libraries of these proteins, including TM1/2 [19] ; TM3/4 [20] [21] [22] ; and TM5/6 [23] (notation: TM1/2 = TM1 helix + intervening loop + TM2 helix, etc.). The latter work has been further catalyzed by the observations that (i) single TM segments of integral proteins form helical structures in membrane-mimetic environments [24] [25] [26] ; and (ii) the assembly of co-expressed or synthesized fragments of several membrane proteins generated functional properties comparable to the intact protein [27] [28] [29] [30] [31] [32] .
Previous studies we performed on CFTR helix-loop-helix constructs using gel shift analysis, fluorescence measurements, and molecular modeling suggested that hairpin folding is likely stabilized by folding due to formation of a non-native side chain-side chain hydrogen bond between 'polar partners' in the interacting helices (viz., Q207 in TM3, and I231D or V232D in TM4) [20] . Such non-native interactions can interfere with the normal assembly and the alignment of TM helices of CFTR, altering channel function, thus causing CF [20] . However, these studies cannot provide direct structural information as to how/if the position of the non-native polar site influences hairpin folding. Since protocols have become available to routinely produce milligram amounts of helix-loop-helix fragments from CFTR TMD1 in minimal media [19] , NMR experiments on these hairpins in membrane environments became an option. However, while membrane proteins constitute about 30% of the genomes of various organisms [33] , only a small number of the solved structures deposited in the protein data bank belong to membrane proteins. This situation arises, in part, because solution NMR spectroscopyone of the most powerful techniques for protein structural determinationis subject to line broadening caused by the large size of the membrane protein-micelle complexes and to the small proton chemical shift dispersion (∼ 1.4 ppm), consequently leading to resonance overlaps. Notwithstanding these inherent challenges, a number of structures of membrane proteins and fragments of helical [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and β-barrel [39] [40] [41] [42] membrane proteins have been successfully characterized using solution NMR spectroscopy. Here we have performed a series of gel electrophoresis experiments that illustrate the responsiveness of the migration rate of CFTR membrane domain segments to position and type of polar TM mutations. We then use solution NMR experiments to demonstrate the conformational variability of TM3/4 hairpin mutants (including the CF-phenotypic mutant V232D; I231D; and Q207N/V232E) vs. the wild type hairpin in micellar environments.
Materials and methods

Expression and purification of wild type and mutant TM3/4 constructs from the CFTR membrane domain
The 15 N and 15 N/ 13 C enriched forms of the TM3/4 helical hairpin constructs (WT-, V232D-, I231D-, Q207N/V232E) were expressed and purified as previously described [19] . In each of these constructs, wild type Cys225 was changed to an Ala to avoid disulfide bond formation between different helical hairpin molecules. cDNA encoding for residues 194 to 241 (TM segments 3 and 4) of CFTR was subcloned into PET-32a. This construct also contains a fusion protein (thioredoxin) to aid in solubilizing the hydrophobic CFTR fragment, an Stag that allows detection of TM3/4 by Western blot, and a His-tag for purification purposes. TM3/4 mutants were obtained using Stratagene's QuikChange sitedirected mutagenesis kit. The resulting constructs were transformed into BL-21 cells in M9 medium (M9 salts: 0.8% Na 2 HPO 4 (w/v), 0.4% KH 2 PO 4 (w/v), 0.05% NaCl (w/v), and 0.1% 15 NH 4 Cl (purchased from Cambridge Isotope Laboratories) in 1 L water, pH adjusted to 7.5). Prior to cell growth, the medium was supplemented with biotin and thiamine (1 mg/L of each); sterile MgSO 4 and CaCl 2 stock solutions to final concentrations of 1 mM and 0.3 mM, respectively; 3 g of glucose for expression of 15 N isotopically labeled V232D-TM3/4, or 13 C glucose (purchased from Cambridge Isotope Laboratories) for expression of 15 N/ 13 C isotopically labeled TM3/4; and 100 μg/mL ampicillin. The cells were grown at 37°C and induced at an O.D. of 0.6 with 0.1 mM IPTG, followed by overnight shaking at room temperature. Harvested cells were sonicated in 20 mM Tris, pH 8.0, and then centrifuged. The soluble fraction was supplemented with NaCl (150 mM), β-mercaptoethanol (20 mM), imidazole (5 mM), and 0.1% Triton X-100, and then applied to a nickel affinity resin (from Qiagen) preequilibrated under the same conditions as the protein mixture, and binding was allowed to proceed overnight at room temperature. Elution was performed with the same equilibration buffer containing 400 mM imidazole. Eluted fractions were then treated with CaCl 2 (5 mM) and thrombin (15 U). Thrombin-treated TM3/4 was purified by RP-HPLC on a C4 semipreparative column (Phenomenex) using an isopropanol gradient. Protein-containing fractions were obtained by monitoring A 215 , and evaporated under nitrogen until they contained less than 20% isopropanol. The resulting fractions were then lyophilized. The yield was ca. 10 mg of TM3/4 (N95% pure) per 1 L of minimal M9 medium. The sequence of the WT-TM3/4 construct obtained in this manner is GSGMKETAAAK-FERQHMDSPDLGTDDDDKAMGLALAHFVWIAPLQVALLMGLIWELLQ-ASAFAGLGFLIV 232 LALFQAGLGLEHHHHHH with residues 194-241 of CFTR (TM3/4) in bold. The site of CF-phenotypic mutation at Val-232 is indicated. Residues in the TM3/4 segment were numbered according to their position in full-length CFTR (194-241). The S-tag and the His-tag are at the Nterminal and C-terminal end, respectively. Residues in the N-terminal tag region were numbered 1 to 31 and at the C-terminus numbered as 32 to 39.
PAGE analysis
The dry protein samples were resuspended in NuPage SDS sample buffer and 1 μg of each protein run on 12% NuPAGE Bis-Tris gels with MES running buffer. Gels were stained with Coomassie Blue (according to standard protocols) for analysis.
NMR Spectroscopy
Spectra were recorded in various detergents [285 mM (10%) DPC, 115 mM (5%) PFO, and 175 mM (5%) SDS], at several temperatures (30°C, 37°C, 45°C), on four channel Varian Inova 500 and 600 MHz spectrometers equipped with z-axis pulsed field gradient units and room-temperature shielded triple resonance probes. NMR sample concentrations were about 1 mM of 15 N labeled TM3/4 in the given detergent, 10% D 2 O, and 50 mM sodium phosphate, pH 6.5. Triple resonance NMR experiments for 15 N/ 13 C isotopically enriched V232D-TM3/4 115 mM PFO were carried out at 45°C. For backbone assignments, three triple-resonance experiments were performed: HNCACB [43] , CBCA(CO)NH [44] , and HNCO [45] . For side-chain assignments, both 3D (H)CC(CO)NH-TOCSY [46] and 3D H(CC)(CO)NH-TOCSY [47] experiments were performed. A mixing time of 100 ms was used in the 3D simultaneous 15 N, 13 C-edited NOESY [48] experiment. The programs NMRPipe [49] and NMRVIEW [50] were used to process and analyze the data. TALOS was used to predict the ϕ/ψ backbone dihedral angles based on comparison of the NMR chemical shifts and sequence homology of TM3/4 with a database [51] .
Circular dichroism spectroscopy
CD spectra of TM3/4 were measured on samples of ca. 1 mM TM3/4 (WT or mutants) in 5% PFO and 50 mM sodium phosphate, pH 6.5) using a cell with 1 mm path length at room temperature on a Jasco J-720 CD spectrometer.
Results
Various hydropathy algorithms have been previously employed to predict the membrane topology of the TM domains of CFTR [6, 24] . Here we used TM Finder [52] to refine the boundaries of the helical segments of TM3 and TM4 of CFTR. TM Finder predicted an extended TM helix stretch between 197 and 240 that displays reduced helicity/hydrophobicity around residues 216-226 (WELLQASAFAG), which is the maximum region through which the extracellular loop between helix 3 and 4 would most likely occur [52] . Based on the limits of TM3 and TM4 determined from prediction by TM Finder, residues 194 to 241 were selected as boundaries for the TM3/4 helical hairpin constructs employed in our studies (see Materials and methods). Given the limited number of residues in the turn connecting TM3 and TM4 in the CFTR TMD1, it is likely that these two helices will be in contact in the native protein. Following successful expression of the desired constructs in Escherichia coli cells, we initially assessed their migration properties on SDS-PAGE gels.
Helical hairpins of the transmembrane domain of CFTR
Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) "gel-shift assays" have been shown to be useful in detecting differences in interhelical packing caused by CFphenotypic mutants that occur within the TM helices themselves [20, 22] . In this earlier work, it was observed that the more compact hairpins ('closed' conformation) migrate faster than the corresponding elongated ('open' or more rod-like) form of the protein, with migration differences interpreted principally in terms of the strength of proposed side chain-side chain interhelical H-bonds [20] [21] [22] . The assay is quite sensitive, and deviations from wild type migration of as much as 30-40% from the actual molecular weight position arise from single point mutations in an otherwise identical protein [22, 53] . Thus, prior to our NMR studies, we initially applied this assay to a series of TM3/4 mutants to determine their responsiveness to introduction/deletion of selected polar residues ( Fig. 1a, b ). The sensitivity of the assay is illustrated in Fig. 1a . Here, the double mutant Q207N/V232E migrates significantly faster than wild type, indicating that the N/E pair is likely involved in side chainside chain interactions analogously to the Q/D pair at the corresponding positions in the TM3/4-V232D single mutant [22] . In contrast, replacement of wild type Q237 in TM4 with the non-polar Leu residue (mutant Q237L) creates a slower migrating hairpin vs. wild type ( Fig. 1a ), suggesting that some pre-existing inter-helical interactionsconceivably attributable to a network of H-bonding interactionshave been removed. The helix-helix interactions influenced by polar mutants among the positions studied are summarized in Fig. 1b , where it is seen that constructs involving I231 and V232 with combinations of TM4 D-mutations, as well as various combinations of Q207N with D and E mutants in TM4, migrate between 7 and 20% faster than the WT construct. From these, we selected three mutants (indicated by white dots on the bar graphs) for comparative structural analysis by NMR spectroscopy.
Chemical shift assignment and secondary structure analysis of V232D-TM3/4 in PFO
PFO/protein = 100, which in principle computes to one protein/ 4-5 PFO micelles [54] . HSQC spectra were reproducible, and the sample was stable under these conditions over the course of data acquisition, with no discernible aggregation or visible protein precipitate. CD spectroscopy performed using the NMR sample directly (ca. 1 mM protein in PFO/buffer) gave a spectrum indicating a pattern indicating high helical content for this construct typical of that expected for the protein in a membrane environment, although the ellipticity was damped due to the high protein concentration and PFO background absorption (data not shown).
Analysis of the triple resonance experiments HNCACB, CBCA(CO)NH, HNCO, (H)CC(CO)NH-TOCSY, and H(CC) (CO)NH-TOCSY of the 15 N, 13 C-labeled V232D-TM3/4 enabled the assignments for 95% of the residues in the TM3/4 region, despite the fact that the analysis was complicated due to crosspeak overlapping typical of native helical TM proteins in detergent micelles. The amide assignments obtained are labelled on the 1 H-15 N HSQC spectrum shown in Fig. 2 . The 13 C α , 13 C β , CO chemical shift deviation from "random coil" values, the slow amide proton exchange with water in conjunction with the NOE pattern strongly indicate the presence of two helices ( Fig. 3 ). H α , C α , C β , CO, and N H chemical shifts of V232D-TM3/4 residues were analyzed using TALOS [51] . The secondary structure elements of V232D-TM3/4 thus obtained agree broadly with the formation of two helices in the micelle environment, separated by a turn. The chemical shift deviation along with the amide 1 H exchange and NOE patterns, further suggest a discontinuity in secondary structure in TM3 localized around P205; these residues do not present any of the features (chemical shift deviation, NOE patterns and amide proton exchange) of amino acids that are part of a helix (Fig. 3) . The amide peak intensities of I203 and V208 on either side of P205 have intensities close to the noise level in the 1 H-15 N HSQC of TM3, likely indicating some intermediate exchange attributable to local protein dynamics. We further noted that Q207 and Q237 side chain carboxamide protons did not exchange with water, and one of the two Q220 protons was in slow exchange; Q15 protons (in the S-tag) exchanged rapidly with water.
The 3D simultaneous 15 N, 13 C-edited NOESY spectrum was recorded with a mixing time of 100 ms. The short-and mediumrange NOEs observed in the spectra are consistent with the presence of helical secondary structure. Most of the long-range NOEs that were observed could not be specifically assigned due to the high occurrence of Leu and Ile residues in both TM helices. Few long-range NOEs were observed within the TM3-TM4 turn region: the S222 amide showed a weak NOE with protons from the aromatic ring of F224, as well as with the methyl groups of L218 or L219. The amides of A223 and F224 also showed weak NOEs with the methyl groups of L218 or L219 and L227. Note that the vertical axis is given as "% apparent MW decrease" such that the actual band appearance of all these mutants on gels is similar to Q207N-V232E in (A), i.e., faster migration than wild type. Mutants specifically studied in this work are indicated by white circles on their respective bars.
However, these NOEs were not sufficient per se for calculation of a defined tertiary structure for the V232D-TM3/4 hairpin.
Analysis of 1 H-15 N HSQC spectra of WT-TM3/4 and its various mutants in PFO micelles
To probe for global conformational changes of TM3/4 upon introducing a polar residue in TM4, the 1 H-15 N HSQC spectrum of wild type CFTR TM3/4 was acquired in PFO micelles under the same buffer conditions as V232D-TM3/4. With the amide chemical shift assignments of V232D-TM3/4 in hand, and because these two constructs differ by only a single residue, any major differences in the 1 H-15 N HSQC spectra should be attributable to the modification of the electrostatic environment by the non-polar-to-polar residue mutation at position 232, as well as to any resulting conformational changes. To simplify the comparison between the two spectra, we focused our analysis on the glycine cross-peaks, noting that several of the Gly residues occur within TM helical regions (Fig. 4 ). As illustrated in the 'Gly box', 1 H-15 N HSQC spectra of WT-TM3/ 4 ( Fig. 4a ) and V232D-TM3/4 ( Fig. 4b ) do possess some similarities. We first noted that G3 and G23 (present in the S-tag region), and G194 (in the N-terminus of TM3) did not display any chemical shift changes and could be assigned by analogy. However, among the four spectra shown, significant chemical shift changes are observed for several of G213, G226, G228, G239 and G241 resonances between WT and V232D-TM3/4. As assignments were available only for the V232D-TM3/4 construct, we could not assign the full complement of WT Gly resonances specifically; however, the observed shifts are suggestive of a change of the environment of these residues. The shift changes observed in the Gly-boxand indeed throughout the entire proteinvery likely reflect the differences in relative arrangements of the helices, as well as some local effects due to the introduction of a negative charge.
In order to further investigate the conformational changes of TM3/4 upon introduction of a polar residue into TM4, we next performed a comparative analysis of amide 1 H/ 15 N chemical shifts in the 1 H-15 N HSQC spectra of WT-TM3/4 vs. I231D-TM3/4 which contains a polar mutation at the position preceding the CF-phenotypic mutation V232D-TM3/4. Note that this mutant exhibited a faster migration rate than both WT-TM3/4 and V232D-TM3/4 on SDS-PAGE [22] (Fig. 1b) . From the analysis of the Gly cross-peaks ( Fig. 4c ), one observes that the N-H chemical shifts of G3, G23, and G194 remain identical to the WT, but obvious changes occurred for G213, G226, G228, G239 and G241 to the extent that we could not formally assign them by comparison To V232D-TM3/4. These data, together with SDS-PAGE results, are consistent with changes in helix-helix interactions.
We then examined the double mutant Q207N/V232E-TM3/4 in which the potential polar partners are located in the sequence at the same positions as in V232D-TM3/4 (Q207 in TM3 and D232 in TM4). This mutant similarly migrates faster than V232D-TM3/4 (Fig. 1a, b ). As shown in Fig. 4b and d , a striking similarity was observed between the 1 H-15 N HSQC 'Gly box' spectra of V232D-and Q207N/V232E-TM3/4, suggesting that the cross-peaks of their Gly residues can be correspondingly assigned, and that their global conformations likely correspond closely.
Discussion
Structural features of CFTR TM3/4 hairpins in micellar environments
While many studies addressing interhelical interactions in membranes have been carried out on homo-oligomeric TM helices [21, 55] , helical hairpin motifs of membrane proteins present ideal models for probing the less well-studied antiparallel heterologous helix-helix interactions characteristic of polytopic membrane proteins. As noted here in Fig. 1a, b and throughout an extensive library of (N50) CFTR TM3/4 mutant hairpins studied earlier [19] [20] [21] [22] [23] 53] , gel shift migration behavior has been interpreted in terms of relative populations of open vs. closed hairpins, with faster migration indicated of higher populations of closed (globular) structures, and vice versa. While some mutants do contain a change in charge vs. WT, previous work from our laboratory has established that CFTR TM3/4 migration patterns are not simple functions of charge: (i) WT TM3/4 and the double mutant Q207L/V232D the same migration rates while V232D migrates significantly faster than WT [20] ; (ii) Asp substitutions at 20 different positions along TM4 between residues 221 and 241 produce TM3/4 hairpins that migrate 3-12% faster than WT [22] ; if introduction of a single negative charge was the dominating effect, all 20 mutants should display similar migration rates. In the present work, Q207N/V232E-TM3/4 migrates faster than TM3/4-V232D (Fig. 1b) although they each have one added negative charge vs. WT. In this context, it is interesting to note that while Glu pairings generally produce slowly migrating hairpins than Asp pairings with wild type Gln-207 when identically positioned TM4 mutants are compared [56] , we nevertheless observed here (Fig. 1b) that Asn-207 pairings with Glu-231 and Glu-232 apparently produce tighter hairpins with a higher population of folded structures than corresponding Asp-231 and Asp-232 pairings. The latter observation suggests that the "reach" of the extra Glu methylene group in TM4 is a deciding factor in H-bond formation with suitably positioned TM3 polar partners.
Here we sought to extend the structural characterization of this lesion through high-resolution NMR studies of wild type and several mutant CFTR TM3/4 hairpin constructs expressed variously with 15 N and 13 C enrichment. While the gel experiments are performed in SDS, we performed the present NMR studies in PFO micelles as HSQC spectra in PFO presented the better dispersion and less peak broadening than the SDS HSQC spectra. An additional advantage for NMR studies is that PFO micelles (20 monomers) [54] are smaller than SDS micelles (N 60 monomers), thus lowering the relative MW of the resulting protein/lipid particle. As well, we have previously shown from pyrene fluorescence studies that PFO is highly supportive of helix-helix tertiary interactions, and that in a series of LPC micelles comprising an alkyl chain length range of 8-18 carbons, octanoyl-PC (8 carbons) and nonanoyl-PC (9 carbons)in addition to PFO (8 carbons)display the greatest extent of interhelical packing [21] . It may be further noted that 'small' micelles have been employed for membrane protein structure determination; for example, the NMR solution structure of a peptide fragment derived from unprocessed mouse Doppel protein was resolved in DHPC, which has a smaller carbon chain length (C6) than PFO (C8) [57] . Indeed, when the protein is added to a detergent, its CMC and the aggregation number can be dramatically perturbed [58] . In cases where a TM helix is longer than can be accommodated by the free micelle, the properties of the helix should nevertheless primarily dictate the size of the protein-micelle complex since the exposure of helix hydrophobic surfaces would be thermodynamically unfavorable, and TM helices may flex, bend, or extend to satisfy hydrophobic mismatch [59] .
Chemical shift data reported in Fig. 3 indicate that in PFO, a longer TM3 helix comprises residues G194 to A221 with a disruption of the helix around P205, and a shorter TM4 helix includes residues L227 to A238. Chemical shift deviation, amide hydrogen exchange, and a lack of NOEs for W202 to L206, provide further evidence for a discontinuity in the TM3 helix around P205. Studies by Akabas on the M3 membranespanning segment [13] similarly show a kink in this helix. We further observed that the turn (approximately S222 to G226) determined between TM3 and TM4 in the V232D-TM3/4 construct is shifted approximately six residues toward TM4 vs. the one predicted (W216 to Q220) in the original schematic presented for the wild type CFTR protein [6] . This may be a consequence, in part, of the cut-off point we chose in construct design; native residues 242-245 (RMMM), which are not indicated as an integral portion of TM4 segment by prediction, may well influence the length of the TM4 helix. This circumstance tends to 're-align' the TM3 and TM4 helices such that the TM4 D232 position is now within side chain-side chain interaction distance of the TM3 polar residue Glu-215. As well, we cannot rule out the possibility that polar mutations in TM4 may indeed seek out polar partners other than Q207, and thus it is the introduction of the mutationnot necessarily the PFO per sethat is skewing the helices. Whatever the origin of the experimentally-deduced inequality of length of TM3 vs. TM4, it is of course possible that the combination of the chosen construct sequences and the PFO micelle environment ultimately did not produce the specific TM3/TM4 interface that prevails in intact CFTR. Nevertheless, since all constructs were examined under identical conditions, comparisons among them are valid, and the interactions we detected for the participatory polar side chains likely typify those that occur in vivo.
Chemical shifts of indole N-H protons (visible in Fig. 2 ) are at the same frequency for all four constructs studied (data not shown); however, the Glu-215 may provide in each instance a viable 'polar partner' for each of D232, D231, and E232 introduced into TM4. Indeed, Glu-Glu side chain-side chain interactions have been noted in homodimers of designed Leurich peptides [60, 61] and postulated in the TM segment of transforming mutants of the neu oncogene [62] . Here we observed that the E217 backbone amide 1 H (at 8.32 ppm) and 15 N (at 117.8 ppm) (Fig. 2 ) appears to be shifted in all three mutants vs. the WT (data not shown). This model would also 'bury' Q207 and Q237 in the PFO micelle, consistent with the observed lack of exchange of their carboxamide side chain protons with water.
Positional dependence of hairpin conformation on polar mutations
In performing a comparative analysis among the available hairpins, we focused on changes in the amide chemical shifts of Gly residues in the 1 H-15 N HSQC spectra among the various TM3/4 mutants in PFO micelles (Fig. 4) . Gly residues in the tag regions (G3 and G23) displayed the same amide chemical shifts in the 1 H-15 N HSQC spectra of the WT and its mutants, confirming that the tags do not participate in the packing of the membrane spanning segments of TM3/4 under these conditions. Similarly, G194 present at the N-terminal end of TM3, is not affected by the V232D mutation (Fig. 4b ). However, changes in the packing interface involved in helix-helix interactions are likely reflected in the observed changes of the remaining Gly residues G213 (located in the middle of TM3); G226 (in the turn); G228 (in the helical region of TM4); and G239 and G241 (located near the C-terminal region of TM4). In addition to these "Gly box" effects, chemical shift changes vs. WT in the amide proton dimension of virtually all of the residues in the V232D-TM3/4 spectrum, including A223, A225, and G226 from the turn, as well as W216, L218, L219, Q220, and A221 near the Cterminus of the TM3 helix (data not shown), confirming that the effect is not limited to immediate neighbors. These changes, in concert with results from migration rate data on SDS-PAGE, emphasize the fact that the interactions between helices differ in WT-vs. V232D-TM3/4. Such alteration in chemical shifts supports the notion that changes in interhelical packing represent the mutation-induced conformational response.
To address the proposition that the formation of a given helix-helix interface may be dominated by a positional dependence of a polar residue in TM4, the 1 H-15 N HSQC spectrum of I231D-TM3/4 in PFO micelles was acquired under identical conditions as WT-TM3/4 and V232D-TM3/4. The most drastic changes in the amide chemical shifts are observed for this mutant as reflected in the "Gly box" (Fig. 4c ). The full amide chemical shift analysis of the 1 H-15 N HSQC shows that similarly to the V232D mutant, all TM4 amidesalong with residues from W216 through A221 (C-terminus of TM3) and from S222 to G226 (turn)are highly affected by the I231D mutation (not shown), suggesting that this mutation introduces significant changes in packing relative to WT protein. In contrast, the full 1 H-15 N HSQC spectra for V232D-and Q207N/V232E-TM3/4 exhibit striking similarities (not shown, but exemplified by the 'Gly box' comparison between Fig. 4 b  and d ), suggesting that these two mutants adopt similar conformations in the PFO micelle environment. The 1 H-15 N HSQC spectrum of this double mutant shows that similar to V232D-TM3/4 and I231D-TM3/4 mutants, the residues in TM4 along with some in TM3 and the turn are all highly affected vs. WT upon these mutations.
Structure of wild type vs. mutant TM3/4 hairpins of CFTR
Interhelical hydrogen bonding has been implicated as one of the main driving forces governing helix-helix packing in membranes [60, 61, 63] . Molecular dynamics simulations of WT TM3/4 vs. I231D-TM3/4 further support the view that a folded two-helix hairpin forms in a micellar environment, and that a side chain-side chain Q207-D231 H-bond provides additional stabilization for the folded state [64] . Although the NMR data reported here do not provide specific evidence for H-bond formation nor are sufficient for detailed structural characterization, one can speculate that the similarities in spectra of V232D and Q207N/V232E are the result of contacts between similar residues in the V232D mutant that can effectively be substituted by N207 and E232. Thus changes in packing/orientation of helices relative to WT would be preserved in both mutants. Conversely, this model would predict that in the case of I231D, there must be a relative reorientation by 100°of one helix with respect to the other for participation of I231D in interhelical interactions vs. either V232D or Q207N/V232E.
In combination with earlier experimental investigations of TM3/4 hairpins [20] [21] [22] , the present studies thus conjure a picture of mutant-dependent flexibility of transmembrane helical hairpin interfaces in the dynamic micellar environment. In such an environment, the secondary structure boundaries as well as interhelical packing might differ in order to reduce the free energy penalty arising from an apolar-to-polar mutation in the helical TM region. This could be achieved by alteration of helix-helix alignment for optimal adjustments of interhelical van der Waals packing that may involve rotation of one or both helices (depending on the location of the polar partners)driven by the low dielectric environment of the membrane. Similar rotations of helical axes may be envisioned during folding steps of polytopic membrane proteins, where the corresponding sequential determinants for each helix-helix interface should prevail.
Conclusion
Features of the secondary structure of mutant V232D-TM3/4 helical hairpins of CFTR, along with comparisons to the WT and mutants I2231D and Q207N/V232E, have been determined using high resolution NMR spectroscopy. Although hairpin constructs have degrees of conformational freedom in SDS or PFO micellar environments that would not be available to the corresponding helices embedded in an intact CFTR TM domain, our results suggest that hairpin interfacesand possibly helix boundariesmay vary as a function of the position of a nonnative polar mutation (i.e., V232D vs. I231D in TM4), and thereby indicate the susceptibility of the native protein structure to a corresponding destiny. The overall findings provide a clear example as to how introduction of a polar mutation into a TM helix may, in principle, lead to distortion of native interfacial packing determinants in membrane proteins, with consequences that may lead to disease.
